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Nanometer-scale  characterization  of  semiconductor  surfaces  is  very  important  for 
precise  control  of  the  ultrafine  structures  necessary  for  the  realization  of  devices  using 
quantum  confinement.  The  performance  of  these  heterojunction  devices  is  strongly 
dependent  on  interface  quality.  In  the  case  of  m-V  semiconductors,  the  major  problem  is 
the  presence  of  the  native  oxide  layer  and  surface  carbon  contamination.  This  carbon  is 
strongly  bonded  to  the  m-V  surface  even  after  ion-etching  and  high  temperature  annealing 
and  induces  a free-carricr  depletion  region  at  the  substrate-epilayer  interface.  Furthermore, 
native  oxides  on  GaAs  and  InP  surfaces  are  detrimental  to  the  formation  of  stable  interfaces 

the  device  so  they  must  be  removed  without  damaging  the  near-surface  region. 

A surface  characterization  study  using  ion  scattering  spectroscopy  (ISS)  and  X-ray 
photoelectron  spectroscopy  (XPS)  has  been  performed  on  GaAsfOOl)  and  InP(lll) 

temperature  exposure  to  the  flux  produced  by  a novel  atomic  hydrogen  source  based  on 
electron-stimulated  desorption  (ESD)  to  determine  any  treatment-induced  alterations. 


In  order  to  realize  high  performance  UI-V  circuits,  the  preparation  of  a good  quaiity 
passivating  oxide  interface  is  necessary.  Device  quality  oxide-IID-V)  interface  fabricadon 
will  certainly  depend  on  the  composiuon  of  the  oxide  interface  and  any  possible  damage 
induced  by  the  oxidadon  process.  In  the  case  of  GaAs,  thermal  oxides  and  formadon  of 

equilibrium)  usually  results  in  non-stoichiometric  films  of  Ga203  and  AS2O3  as  well  as  a 
pile-up  of  elemental  As  at  the  GaAs-oxide  interface.  This  structure  is  predicted  by  the  Ga- 
O-As  phase  diagram,  but  it  provides  poor  electrical  isolation  and  surface  protection  (1). 

In  this  study  a novel  hypenhetmal  oxygen  atom  source  has  been  used  to  form  an 
oxide  layer  on  an  Ar*-sputtered  GaAs(OOl)  surface  at  room  temperature,  and  this  layer  has 
been  examined  using  X-ray  photoelectron  spectroscopy  (XPS)  and  ion  scattering 
spectroscopy  (ISS). 


CHAPTER  1 
INTRODUCTION 


Overview 

The  development  of  the  solid-state  electronics  industry  has  principally  centered 
around  the  semiconductor  material  Si,  mainly  as  a result  of  its  low  cost,  ease  of 

performance  and  higher  packing  density  of  integrated  circuits,  there  has  been  a trend  to 
down-size  the  device  and  circuit  elements.  Since  the  rate  of  voltage  down-scaling  has  not 
kept  pace  with  the  shrinking  dimensions,  increasingly  higher  electric  fields  are  being 
applied  to  the  successive  generations  of  smaller  devices.  Although  silicon  has  satisfied  a 
large  number  of  the  requirements  for  solid-state  device  applications,  there  exists  no  degree 
of  freedom  in  the  inherent  electrical  properties  of  this  material.  In  addition,  the  use  of 
silicon  for  photonic,  optoelectric  and  high-speed  device  applications  (e.g.,  Light  Emitting 
Diodes  (LEDs),  lasers,  infrared  detectors.  Field  Effect  Transistors  (FETs),  and  low-noise 
integrated  circuits)  is  limited  by  the  fundamental  material  properties  of  silicon.  Due  to  the 
inflexibility  and  limitations  presented  by  silicon,  a considerable  amount  of  research  has 
focused  on  the  development  of  alternative  semiconductor  materials  to  meet  the  demands  of 
next  generation  devices. 


In  particular.  Group  III-V  compounds  and  solid  solutions  are  receiving  intense 
investigation.  The  motivation  for  the  research  resides  in  two  principal  advantages  offered 
by  m-V  materials:  the  existence  of  three  degrees  of  freedom  in  the  properties  of  the  material 
and  improved  inherent  electrical  properties.  The  first  degree  of  freedom  is  found  in  the 
choice  of  the  base  binary  system  (nine  possible  compounds  with  the  Group  m elements  Al. 


Ga.  and  In  and  the  Group  V dements  P.  As.  and  Sb).  While  the  second  and  ihiid  degrees 

independently.  Thus,  for  example,  it  would  be  possible  to  specify  a lattice  parameter, 
bandgap  energy  and  thermal  conductivity  (within  a certain  range)  to  satisfy  the  constraints 
for  a given  device  structure.  This  point  is  illustrated  in  Figure  1.1  which  plots  the  lattice 
parameter  of  m-V  binary  compounds  versus  the  observed  room  temperature  bandgap.  The 
solid  dots  represent  binary  compounds  and  the  lines  connecting  each  dot  represents  ternary 
solid  solutions  of  the  two  binary  limits.  Solid  lines  signify  direct  bandgap  materials  while 
broken  lines  indicate  indirect  materials.  Essentially,  the  entire  area  enclosed  in  Figure  1.1 
is  accessible  to  the  designer  when  employing  ternary  and  quaternary  IH-V  solid  solutions. 

The  second  advantage  III-V  materials  offer  is  a general  improvement  in  electrical 
properties  over  silicon.  Table  1.1  illustrates  some  measured  room  temperature  electron 

Si  (1). 

This  summary  indicates  that  as  much  as  two  orders  of  magnitude  improvement  in 
speed  and/or  frequency  can  be  realized  with  the  use  of  m-V  compounds  over  Si.  Unlike 
Si.  m-V  materials  are  available  in  semi-insulating  fotm  which  greatly  reduces  parasitic 
capacitances  and  allows  the  use  of  true  monolilhically  integrated  circuits  that  operate  above 
1 GHz.  Considerable  interest  has  been  devoted  to  m-V  semiconductor  optoelecttic  device, 
such  as  buried  heterostructure  lasers,  fabricated  entirely  by  molecular  beam  epitaxy  (MBE). 
Thus,  m-V  materials  are  expected  to  play  an  increasing  role  as  the  host  materials  for  high- 
speed quantum  effect  devices.  However,  the  widespread  use  of  these  materials  is  currently 


limited  mainly  due  to  poor  interface  quality  and  unsuitable  native  oxide  passivation. 


in-v  Satenaw  Surface  Preparation 

steps.  In  order  to  obtain  high-quality  films  by  MBE.  an  atomically  smooth  and  clean 
substrate  surface  is  essendal.  Native  oxides  and  surface  carbon  contamination  can  impede 
the  growth  of  epitaxial  layers  and  can  contribute  to  undesirable  electrical  characteristics  of 
the  device  so  they  must  be  removed  without  damaging  the  near-surface  region.  When 
classical  ex  situ  cleaning  methods  are  used,  a carrier  concentration  depletion  layer  is 
observed  at  the  growth  interrupted  interface.  This  carrier  depletion  is  believed  to  originate 
from  carbon  and  oxygen  impurities  accumulated  on  the  substrate  during  chemical 
treatments  and  air  exposure.  Conientional  in  situ  techniques  to  clean  HI-V  semiconductor 

desorption/annealing.  Such  methods  often  result  in  residual  damage  or  depletion  of  the 
more  volatile  Group  V element.  Other  techniques  based  on  reactive  gas  etching  have  been 
proposed  for  the  cleaning  of  m-V  surfaces.  These  include  rf  hydrogen  plasma  etching, 
thermal  etching  in  a HQ-H2  mixture,  cleaning  with  a hydrogen-radical  beam  generated  by 
an  electron  cyclotron  resonance  (ECR)  plasma.  These  methods  have  disadvantages.  The 
ECR  sources  are  expensive  and  physically  incompatible  with  standard  MBE  systems. 
Furthermore,  the  energized  particles  generated  by  the  above  mentioned  techniques  can 
damage  the  substrate  surface.  An  atomic-hydrogen  source  based  on  the  principles  of 
thermal  cracking  also  has  been  Investigated.  The  hot  tungsten  filament  used  to  crack  the  H2 
heats  both  the  source  and  the  sample  operating  at  temperatures  as  high  as  2400°C  with  a 
resulting  chamber  pressure  > 6.0x10*^  Ton.  Therefore,  new  techniques  for  ni-V  surface 
cleaning  prior  to  epitaxial  growth  are  needed  to  eliminate  or  minimize  the  resulting  interface 
depletion  region. 


Passivating  Quit 


In  order  to  realize  high  penormonce  m-V  circuits  the  preparation  of  a good  quality 
passivating  oxide  interface  is  necessary.  Generation  of  a well-defined  substrate/overlayer 
interface  is  complicated  by  the  dependence  of  the  surface  composition  on  the  different 
reactivities  of  the  Group  in  and  Group  V elements.  There  are  a number  of  approaches  for 
m-V  oxidation  which  have  been  of  major  interest  in  recent  years.  Device  quality  oxide- 
(m-V)  interface  fabrication  will  certainly  depend  on  the  stoichiometric  composition  of  the 
oxide  interface  and  any  possible  damage  induced  by  the  oxidation  process.  In  the  case  of 
GaAs.  thermal  oxides  and  formation  of  thick  oxides  (which  actually  is  diffusion-controlled 

Ga^O,  and  As^Oj  as  well  as  a pile-up  of  elemental  As  at  the  GaAs-oxide  interface.  This 
structural  composition  which  is  mostly  found  in  many  oxidation  processes  is  clearly 
predicted  by  the  Ga-O-As  phase  diagram,  but  provides  poor  electrical  isolation  and  surface 

Application  of  an  oxygen  plasma  in  the  vicinity  of  GaAs-MOS  structures  is  not 
desirable  because  it  results  in  a departure  from  surface  stoichiometry,  the  likely  causes  of  a 
high  density  of  interface  states.  Although  indirect-induced  plasma  processes  may 
systematically  avoid  disturbing  the  m-V  surface,  the  growth  of  plasma-induced  oxides  still 
results  in  a Group-m  deficient  interface.  The  UV/ozone  oxidation  processes  have  been 
widely  established  for  pre-epitaxiai  surface  preparation.  In  principle,  higher  oxidized  states 
of  As  and  Ga  are  formed  under  the  influence  of  light  at  low  substrate  temperatures  (below 
100°C).  However,  oxide  composition  is  dependent  on  the  wavelength  applied  and  the  time 
exposed.  The  UV  wavelengths  of  interest  are  184.9  nm  and  253.7  nm.  The  first 

surface  forming  C02,  thus  reducing  carbon  contamination.  The  latter  wavelength  is 
absorbed  02  forming  02  and  atomic  oxygen  which  leads  to  an  oxidation  of  the  m-V 
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controlling  oxide  and  interface  properties.  In  the  case  of  orher  oxidation  techniques  such  as 

be  identified.  Surface  contamination  related  to  adatoms  remaining  on  the  m-V  s 
structural  alterations,  changes  in  surface  stoichiometry  and  charging  effects  due  to  ■ 
or  ion  bombardment  have  ail  been  cited. 


Considerable  interest  has  been  devoted  to  UI-V  semiconductor  optoelectric  devices, 
such  as  buried  heterostructure  lasers,  fabricated  entirely  by  MBE.  These  compound 
semiconductor  materials  exhibit  many  desirable  properties  including  high  carrier  mobilities 
and  densities  and  large  bandgaps,  which  often  are  tunable.  For  these  reasons  they  show 
promise  for  high-speed  quantum  effect  devices  (2-6).  Nanometer-scale  characterization  of 
GaAs  surfaces  is  very  important  for  precise  control  of  the  ultrafine  structures  necessary  for 
the  realization  of  devices  using  quantum  confinement.  In  order  to  obtain  high-quality  films 
by  MBE.  a substrate  that  is  smooth  and  clean  on  the  atomic  scale  is  a prerequisite  (7).  The 
performance  of  these  heterojunction  devices  is  strongly  dependent  on  interface  quality. 
Impurities  on  the  substrate  surface  can  interfere  with  the  initial  nucleation  inducing 
roughening  and  surface  states  which  degrade  the  device  performance  (8-12).  In  the  case  of 
m-V  semiconductors  and  particularly  for  GaAs.  the  major  problem  is  the  surface  carbon 
contamination  and  the  presence  of  the  native  oxide  layer  and  surface  carbon  contamination. 
This  carbon  is  strongly  bonded  to  the  m-V  surface  even  after  ion-etching  and  high 
temperature  annealing  and  induces  a free-canicr  depletion  region  at  the  substrate-epilaycr 

are  related  to  carbon  contamination  of  the  crystal  surface  during  air 
oxides  on  GaAs  surfaces  are  detrimental  to  the  formation  of  stable 
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preparation  and  resulting  material  quality.  Low-temperature  cleaning  of  GaAs,  InP  and  Si 
substrates  (8.14-20),  surfactant-assisted  epitaxy  (21.22).  selective  epitaxy  and  passivating 
the  electrical  activity  of  donors  and  deep  ieveis  in  GaAs  (23,24)  have  all  benefited  ftom  the 
addition  of  atomic  hydrogen.  In  MBE  the  cleaning  of  substrate  surfaces  is  very  important 
from  the  standpoint  of  obtaining  high-quality  epitaxial  films.  To  remove  contaminants 
from  the  GaAs  substrate  surface,  ion-  or  plasma-beam  etching  and/or  thermal  etching  is 
typically  used.  Recently,  atomic  hydrogen  has  been  studied  as  a new,  low-temperature 
cleaning  method  of  GaAs  surfaces.  Many  of  these  studies  are  based  on  the  use  of  election- 
cyclotron-resonance  (ECR)  sources  to  generate  the  H flux  (8,14,15.25).  However,  these 
sources  are  expensive  and  physically  incompatible  with  standard  MBE  equipment. 
Furthermore,  (hey  generate  energized  panicles  which  can  damage  the  substrate.  An  atomic- 
hydrogen  source  based  on  the  principles  of  thermal  cracking  also  has  been  investigated 
(8,17.19,21 ,2237-30).  This  thermal  cracker  is  similar  to  those  used  to  crack  arsine  and 
phosphine  but  modified  so  as  to  produce  the  high  temperature  (>  1600°C)  needed  for 
cracking  H2.  This  method  has  disadvantages.  The  hot  tungsten  filament  heats  both  the 

as  high  as  2400°C  with  a resulting  chamber  pressure  > 6.0  x 10-6  Tore  (3 1). 

Various  cleaning  procedures  have  been  investigated  in  the  past,  and  it  appears  that 
the  chemical  nature  and  structures  of  m-V  surfaces  vary  significantly  with  the  cleaning 
method  used  (32-34).  Standard  surface  cleaning  procedures  are  (i)  wet  chemical  etching 
and  mechanopolishing  which  are  ex-situ  procedures  not  able  to  completely  remove  carbon 
and  oxygen  contamination,  (ii)  thermal  desorption  in  an  overpressure  of  Group  V species 


ion  sputtering  and  annealing 


Atomic  Oxygen 

A source  of  hyperthermal  (several  electron-volts)  oxygen  atoms  with  a significant 
flux  (>  10 14  atoms  cm*2  s*1)  would  be  useful  in  many  applicadon  areas  including  the 
growth  of  compound  semiconductor  materials  by  MBE.  During  the  growth  of  compound 

difficult  to  impossible  using  O2  because  the  sticking  coefficient  of  O2  on  m-V 
semiconductors  and  other  materials  is  often  very  low.  This  problem  could  be  overcome  by 
using  O-atoms.  which  most  likely  have  a sticking  coefficient  of  - l to  form  the  oxide  layers 
(35). 


Table  1-1.  Some  Properties  of  Si  and  I1I-V  Binary  Sc 
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Figure  1.1.  Plot  of  the  lattice  parameter  of  m-V  binary  compounds  versus  the  observed 
room  temperature  bandgap. 
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CHAPTER  2 

DEVELOPMENT  OF  ESD  O-  AND  H-ATOMS  SOURCES 


Design  Approach 


The  operational  concept  of  the  hypcrthermal  atom  generator  (HAG)  is  shown  in 
Figure  2.1  using  the  O-atom  source  for  illustrative  purposes,  but  the  same  concept  also 


diffuses  at  elevated  temperature  (>  400°C)  to  the  ultrahigh-vacuum  (UHV)  side.  Here  the 

stimulated  desorption  (ESD)  of  atoms.  Many  processes  have  to  function  in  series  at 
sufficiendy  high  rates  for  the  system  to  work.  These  include  dissociative  adsorption  of  the 
molecular  gas  on  the  metal  surface,  diffusion  of  atoms  through  the  membrane  and 
formation  of  the  neutral  flux  by  ESD.  In  these  sources  the  membrane  materials  and 
operating  parameters  are  dependent  upon  the  molecular  gas  precursor  used. 


The  rates  of  adsorption  of  the  gas  on  the  high-pressure  side  of  the  membrane  and 
the  permeation  through  the  membrane  must  be  at  least  as  high  as  the  neutral  flux.  This 
condition  determines  the  minimum  pressure  upstream  of  the  membrane  and  the  operating 
temperature  of  the  membrane.  As  an  example,  for  02  adsorption  on  Ag  at  400°C,  the 
sticking  coefficient  may  be  as  low  as  10-4  so  an  upstream  pressure  of  at  least  1 Tore  is 
required  to  produce  a flux  above  1014  atoms/enr-s.  The  permeability  of  the  membrane  is 
the  product  of  solubility  and  diffusivity,  and  varies  exponentially  with  temperature  similarly 
to  the  diffusivity.  We  have  measured  the  permeation  rate  of  0 through  Ag  over  the 
temperature  range  400-800°C  (36)  and  found  it  to  be  linear  below  630°C  and  repeatable.  A 


metallic  membrane  at  the  high-pressure  : 


side  and 


i plot  of  difftisivir 


ty  at  630°C  doe  to  thermal  desorption  of  Oi 
from  the  surface.  Based  on  these  data,  an  operating  temperature  of  500'C  was  chosen 
because  the  permeation  rate  through  the  Ag  membrane  is  high  enough  to  produce  the 

the  thermal  desorption  rate  of  02  is  very  low  and  the  evaporation  rate  of  Ag  is  negligible  at 
this  temperature. 


ESQ 

from  a surface  through  decay  of  a localized  electronic  excitation  created  by  an  incident 
electron.  The  intensity  of  the  desorbing  particle  flux  can  be  expressed  as  (1): 


£-£«">  1,1 

where  Ip  is  the  total  electron  beam  current  to  the  membrane.  A is  the  irradiated  area  of  the 
membrane.  £ is  the  charge  on  an  electron.  Q is  the  ESD  cross  section  and  (N)  is  the  surface 
concentration  of  adsorbed  neutrals  (37).  In  order  to  maximize  the  ESD  flux,  it  is  necessary 
to  maximize  both  Ip  and  (N)  by  optimizing  the  source  operating  parameters  unique  to  the 
chemical  system  being  used. 


Desien  Considerations 

As  shown  in  Figure  2.1.  the  primary  electron  beam  current  to  the  membrane  is 
produced  by  a circular  filament  and  reflector  around  the  perimeter  of  the  membrane. 
Ideally,  the  emission  current  produced  by  this  filament  should  be  the  limiting  factor.  In 
addition  to  providing  the  primary  electron  beam  flux  for  ESD.  this  filament  also  provides 
the  power  input  to  the  source  which  keeps  the  membrane  at  its  operating  temperature.  It  is 
necessary  to  design  the  membrane  support  assembly  to  maximize  heat  transfer  away  from 


the  membrane  so  that  the  filament  emission  current  can  be  set  between  30  and  60  mA.  It  is 
important  that  this  current  be  spread  across  the  membrane  as  uniformly  as  possible  to 
maximize  the  atom  flux  and  minimize  damage  to  the  membrane  by  formation  of  hot  spots. 
This  has  been  accomplished  using  the  S1MION  computer  program  (38). 

The  membrane  material  is  an  important  consideration  for  each  type  of  atom 
produced.  Pure  metals  and  alloys  can  be  used,  and  each  composition  results  in  a different 
adsorption  rate,  permeation  rate.  ESD  cross  section,  operating  temperature  and  primary 
election  beam  voltage.  The  power  input  is  equal  to  the  primary  beam  current  multiplied  by 
the  voltage.  The  voltage  for  any  membrane  material  is  chosen  to  optimize  the  ESD  cross- 
section  so  this  voltage  times  the  filament  emission  current  yields  the  power  input  to  the 
source  and.  hence,  the  amount  of  heat  which  must  be  removed  from  the  source  by  a 
combination  of  radiative,  convective  and  conductive  heat  transfer.  The  heat  transfer 
resistances  must  be  designed  to  keep  the  membrane  at  the  appropriate  operating  temperature 
for  that  particular  material.  Many  different  membrane  materials  can  be  utilized  for  each 
different  type  of  atom  produced  including  pure  metal  and  alloys  of:  Ag,  Zr  and  Ti  for  O- 
atoms;  Pd.  Zr,  Ni.  Cu  and  Ti  for  H-atoms;  and  Zr.  Ta  and  Fe  for  N atoms.  AU  of  the 

operate  at  elevated  temperatures,  they  outgas.  and  the  outgassing  rate  can  be  reduced  by 
using  a cooling  water  or  LN2  shroud  to  keep  most  of  the  components  cool.  In  a typical 
MBE  system,  the  pressure  with  the  source  operating  is  10'9  Tore  or  below. 


The  atom  fluxes  produced  by  the  source  are  well  characterized  and  very  high  purity. 
If  the  membrane  temperature  is  too  high  then  the  molecular  desorption  can  occur  as 
membrane  material  can  be  evaporated.  The  average  energies  of  the  neutral  fluxes  produced 
range  from  1 to  3 eV,  and  this  flux  is  linearly  dependent  upon  emission  current.  The 


neglected.  The  atoms  produced  are  in  their  ground  states.  It  is  possible  to  pulse  the 
primary  election  flux  so  that  time-dependent  experiments  can  be  performed. 

Neutral  Atom  Detection 

Since  neutral  ESD  species  are  difficult  to  detect,  very  few  ESD  studies  of  neutral 
species  have  appeared  in  the  literature.  Our  research  group  developed  an  experimental  ESD 
system  capable  of  detecting  emitted  neutrals  (39).  The  neutral  atoms  are  detected  by 
operating  a quadripole  mass  spectrometer  (QMS)  in  the  appearance  potential  (AP)  mode  to 
allow  the  atoms  to  be  distinguished  from  residual  gases  and  background  gas  products 
formed  by  collisions  of  the  neutrals  with  the  walls  of  the  system.  In  the  AP  mode  the 
energy  of  the  ionizing  electrons  is  reduced  below  the  first  ionization  potential  of  the 
background  species  to  accentuate  the  neutral  signal. 


quite  difficult  and  sensitivity  factors  needed  for  quantification  have  to  be  determined.  Three 
different  methods  have  been  developed  and  described  for  measuring  the  atom  flux  (40). 
The  first  is  to  use  the  QMS.  as  described  above,  in  the  AP  mode  to  directly  measure  the 
intensity  of  the  neutral  signal.  The  second  is  to  expose  a Pi  foil  to  the  atom  flux  for  a given 
period  of  time  and  measure  the  atom  coverage  using  ion  scattering  spectroscopy  (ISS). 
The  third  method  is  to  determine  the  ESD  primary  beam  current,  estimate  the  membrane 
atom  coverage  and  calculate  the  atom  flux  using  the  previously  determined  neutral  cross 
section  (41).  Agreement  between  the  results  obtained  from  the  three  methods  is  excellent 


The  data  and  calculation  method  used  in 


:Pt  ISS  study  is  pr 


1 in  Appendix  A. 
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CHAPTER  3 

CHARACTERIZATION  STUDY  OF  GaAs(OOl)  SURFACES  USING  ION 
SCATTERING  SPECTROSCOPY  AND  X-RAY  PHOTOELECTRON  SPECTROSCOPY 

In  order  10  use  Ihe  GaAs  surface  for  the  fabrication  of  ultrafine  structures,  a 
complete  understanding  of  the  surface  morphology  and  topography  before  and  after  surface 
treatment  is  essential.  Typically,  in  device  manufacturing  based  on  single  crystal  epitaxy, 
an  air  exposed,  polished  and  organic-solvent  cleaned  GaAs(OOl)  surface  is  further  treated 
by  in-situ  sputter  etching  and  annealing.  Therefore,  this  study  was  undertaken  to  obtain 
detailed  compositional  and  chemical-state  information  regarding  these  surfaces  and  any 
treatment-induced  alterations. 

Outermost  and  near-surface  compositions  of  polished,  air-exposed,  solvent-cleaned 
and  sputtered/annealed  n-type  (Si.  -3  x 1018  cm'3).  GaAs(OOl)  substrates  have  been 
examined  using  ISS  and  X-ray  photoelectron  spectroscopy  (XPS).  The  data  indicates  that 
the  native  oxide  layer  is  complex  chemically.  It  contains  a significant  amount  of  carbon  as 
well  as  hydrogen  (42)  which  is  usually  ignored  due  to  difficulty  in  detection.  Ion 
sputtering  and  annealing  cycles  is  a drastic  treatment  resulting  in  significant  changes  at  the 
surface,  which  have  been  examined  in  this  study.  These  results  may  lead  to  improved 
methods  for  cleaning  GaAs  surfaces  for  growth. 


Experimental 

The  as-received  Sumitomo  Industries  Ltd..  Si-doped,  n-type  GaAs(OOl)  substrate 
with  a carrier  concentration  of  approximately  3 x 1018  cm'3  was  ultrasonically  solvent 
cleaned  in  toluene,  acetone,  trichloroethylene,  acetone  and  ethanol  (in  that  order)  and  then 
inserted  into  the  ultrahigh-vacuum  (UHV)  chamber  (base  pressure  of  10'11  Tore).  X-ray 
photoelectron  spectroscopy  and  ISS  were  performed  using  a double-pass  cylindrical  mirror 


analyzer  (CMA)  (PHI  Model  25-270  AR).  The  XPS  data  were  taken  in  the  retarding  mode 
with  a pass  energy  of  25  eV  using  Mg  Ka  X-rays  (PHI  Model  04-151  X-ray  source). 
Data  collection  was  accomplished  using  and  a computer-interfaced,  digital  pulse  counting 
circuit  (43)  followed  by  smoothing  with  digital  filtering  techniques  (44).  Ion  scattering 
spectroscopy  was  carried  out  in  the  nonretarding  mode  using  a defocused  primary  beam  of 
high-purity  1-keV  Ne+  at  a current  of  100  nA  over  an  area  approximately  0.5  cm  in 

90  s.  For  each  sample  examined  XPS  was  performed  first  followed  by  ISS  in  order  to 
avoid  sample  damage  before  collection  of  the  XPS  data.  Ion  scattering  spectroscopy 
removes  surface  species  by  ion  sputtering  resulting  in  compositional  changes  of  the  m-V 
surfaces.  Sample  damage  has  been  minimized  in  this  study  by  exposing  the  sample  to  the 
beam  for  the  minimum  period  required  to  obtain  reasonable  signal-to-noise  ratios.  Since 
both  ISS  and  XPS  were  performed  using  defocused  sources,  the  ISS  and  XPS  data 

Results  and  Discussion 

The  XPS  and  ISS  spectra  were  obtained  first  from  as-received  solvent-cleaned 
samples.  Gallium  arsenide  (001)  surfaces  next  were  sputtered  with  1-keV  Ar*  sputter  and 
annealed  in  cycles  until  no  O Is  peak  was  observed  in  XPS.  Ion  scattering  spectroscopy 
was  then  performed  after  cleaning,  hearing  to  180°C  and  cooling  to  room  temperature.  A 
clean  GaAs(001)  surface  was  sputtered  for  30  minutes  with  1-keV  Ne'  and  finally  ISS  was 
performed  in  5 minute  increments  to  observe  any  surface  alterations  with  time.  Annealing 
was  performed  by  hearing  the  back  of  a titanium  foil  support  radiarively  with  a tungsten 
filament  approximately  0.5  cm  from  the  sample  holder.  The  substrate  temperature  was 
determined  by  using  a chrome-alumei  thermocouple  which  was  in  contact  with  the  sample. 

The  XPS  survey  spectra  obtained  from  an  as-entered,  solvent-cleaned  GaAs<001) 
surface  before  and  after  1-keV  Ar+  sputter  and  anneal  cycles  are  shown  in  Figure  3.1a  and 


b.  respectively.  The  survey  specirum  obtained  after  elimination  of  the  O is  peak  is  shown 
in  Figure  3.1c.  Significant  changes  in  peak  shapes  and  relative  peak  heights  are  observed 
forGa.  As.  C and  O.  The  O Is  peak  in  Figure  3.1a  is  predominant  since  a large  amount  of 
O is  present  initially  and  the  O Is  sensitivity  factor  is  larger  than  those  of  the  peaks  shown 
for  other  species  present.  The  C Is  peak  is  of  particular  importance.  Its  size  decreases 

eliminated.  A small  amount  of  carbon  contamination  at  the  oxide-GaAs  interface  is  known 
to  affect  the  electrical  properties  of  epitaxial  layers.  The  carbon-related  defects  have  been 
observed  to  propagate  into  the  epitaxial  overlayer.  Furthermore.  Kawai,  Wood  and 
Eastman  (44)  have  reported  that  surface  carbon  phases  can  survive  temperatures  that  exceed 
the  decomposition  temperatures  of  the  GaAs  substrate. 

Using  the  homogeneous  assumption  and  published  sensitivity  factors  (45).  the 
composition  of  these  surfaces  could  be  calculated.  However,  these  surfaces  are  known  to 
consist  of  a thin  oxide  layer  over  the  GaAs  substrate,  and  the  oxide  layer  apparently  is 
layered  similarly  to  the  native-oxide  layer  on  InP  substrates  (32-34,46).  This  matrix  effect 
(geometrical  distribution  of  the  near-surface  species)  can  result  in  very  large  errors  as 
demonstrated  by  Hoflund  and  Minahan  (47)  so  compositions  have  not  been  calculated 
using  the  homogeneous  assumption. 

High-resolution  XPS  As  3d,  Ga  3d.  O Is  and  C Is  spectra  obtained  from  an  as- 
entered.  solvent-cleaned  GaAs(OOl)  substrate  before  (a)  and  after  1-keV  Ar*  sputter  and 
anneal  cycles  (b)  are  shown  in  Figures  3.2  and  3.3.  Significant  variations  in  the  peak 
shapes  and  positions  are  observed  between  a and  b in  all  sets  of  spectra  indicating  that  the 
nature  of  the  chemical  species  present  is  altered  significantly  by  sputtering  and  annealing. 
The  As  and  Ga  3d  peaks  shown  in  Figure  3.2a  indicate  that  AsjOj.  AsjOj,  GajOj  and 
GaAs  all  are  present  in  the  near-surface  region  on  the  as-entered  sample.  The  asymmetrical 
shape  on  the  high  binding-energy  side  of  the  As  3d  peak  suggests  that  some  elemental 


in  Figure  3.2b ; 


survey  spectrum  shown  in  Figure  3.1c  obtained  from  the  cleaned  sample.  The  feature  due 
to  As  oxides  is  not  present,  but  a smail  Ga.O.  contribution  in  the  Ga  3d  peak  is  apparent  as 
a shoulder  on  the  high  binding-energy  side  of  the  Ga  3d  peak.  This  result  suggests  that 
Ga^Oj  lies  beneath  the  As  oxides,  which  is  consistent  with  the  findings  of  Rdhkel  and 
Harmagei  (48).  A calculation  was  performed  using  spectrum  a to  determine  the  ratios  of 
As  bonded  as  oxide  to  As  present  as  GaAs  and  As°  and  Ga  bonded  as  oxide  to  Ga  present 
as  GaAs  and  Ga°.  These  ratios  are  0.45  and  1.03  indicating  that  the  oxide  layer  is  Ga 
oxide  rich  containing  more  than  twice  as  much  Ga  as  As.  A model  can  be  proposed  for  the 
oxidation  of  GaAs  which  is  consistent  with  these  data.  In  this  model  both  Ga  and  As  are 
oxidized  initially.  As  the  oxidation  proceeds  Ga  migrates  to  the  surface  forming  Ga^O^ 
leaving  an  As-rich  layer  beneath  the  oxide  layer.  Therefore,  the  layered  structure  consists 
of  a mixture  of  Ga^Oj,  ASjOj  near  the  surface.  Below  this  lies  a Ga,Oj-rich  region,  and 
just  under  the  oxide  layer  lies  an  As°-rich  region  above  bulk  GaAs.  The  proposed  model  is 
also  consistent  with  the  Ga-As-O  phase  diagram  estimated  by  Thurmond  et  aL  (49)  from  a 
combination  of  experiments  and  free  energy  calculations. 

The  O Is  peak  shapes  shown  in  Figure  3.3A  also  vary  significantly  before  and  after 
cleaning.  The  O Is  feature  is  broad  initially  and  consists  of  contributions  from  both  As  and 
Ga  oxides  The  O Is  feature  obtained  after  cleaning  is  reduced  to  a very  small  peak  just 
above  the  noise  level.  The  As  oxide  contribution  is  no  longer  present,  but  a peak  due  to 
Ga^Oj  still  is  apparent.  Most  of  the  O present  is  of  some  other  form  such  as  chemisorbed 
O or  a subsurface  dissolved  O with  a BE  of  about  529.0  eV.  In  studies  of  AgO  and  AgjO, 
chemisorbed  O has  a BE  of  528.2  eV  and  subsurface  dissolved  O has  a BE  of  531.0  eV. 
This  suggests  that  the  low-BE  O Is  feature  in  Figure  3.3Ab  is  due  to  chemisorbed  O. 

The  C Is  peak  shapes  shown  in  Figure  3.3B  are  quite  complex  and  are  changed 
significantly  after  cleaning.  Peaks  or  shoulders  due  to  several  different  carbon  species  are 
apparent  at  283.2.  284.6.  286.0.  287.8  and  289.4  eV.  Carbon  has  a 
sensitivity  factor  so  the  C Is  peak  heights  in  Figure  3.1  indicate  that 


relatively  small 


3i  C are  present  at  this  surface.  The  spectrum  obtained  from  i 


surface  shown  in  Figure  3.3Ba  exhibits  a predominant  peak  at  284.6  eV  due  to  die 
presence  of  hydrocarbons.  A shoulder  is  present  at  a BE  of  2S7.8  eV  possibly  due  to 

peak  at  289.4  eV.  Another  shoulder  is  present  on  the  low-BE  side  which  is  most  likely  due 
to  the  presence  of  Ga  carbide.  Neither  Ga  carbide  nor  As  carbide  are  known  to  exist  as 
bulk  compounds.  However.  Ill  carbides  such  as  AI4C3  are  known  to  exist  whereas  V 
carbides  have  not  been  synthesized  or  identified.  C Is  features  with  BEs  below  284.0  eV 
are  due  to  carbides.  Based  on  these  facts  the  carbide  features  observed  in  this  study  are 
believed  to  be  due  to  Ga  carbide.  After  spuaering/annealing  treatments  the  predominant 

present.  In  Figure  3.1c.  the  O Is  peak  is  decreased  in  size  until  it  nearly  is  eliminated  by 
the  spuaering/annealing  cycles,  but  the  C Is  peak  remains  large.  This  is  due  to  the  fact  that 
it  is  converted  to  a carbide,  which  is  very  difficult  to  remove.  These  data  imply  that  a 
cleaning  technique  should  be  developed  which  simply  removes  the  hydrocarbons  rather 
than  convening  it  into  carbide  which  is  so  difficult  to  remove.  The  mechanism  through 
which  hydrocarbon  is  converted  to  carbide  by  ion  sputtering  is  not  understood.  It  may 
involve  breakage  of  the  H-C  bonds,  selective  sputtering  of  H and  bonding  of  C to  Ga  as  a 

Although  carbon  contamination  is  nearly  always  present  on  air-exposed  surfaces, 
very  little  is  known  about  the  structure  or  composition  of  this  carbon  so  the  C Is  peak 
should  not  be  used  as  a BE  reference,  which  has  been  standard  practice  in  XPS  studies.  In 
this  case  the  C Is  spectrum  in  Figure  3.3Ba  has  a complex  shape,  but  the  predominant  peak 
is  due  to  hydrocarbons  so  the  spectra  obtained  from  the  as-entered  sample  could  be  shifted 
based  on  the  C Is  feature.  However,  this  would  not  work  for  the  spectrum  obtained  from 
the  cleaned  surface  because  the  predominant  feature  is  due  to  Ga  carbide. 


Hie  GafLMM) 


aged  significantly 


approximately  190  and  2S2  eV  show  a dramatic  increase  with  cleaning.  High-resoludon 
XPS  spectra  shown  in  Figure  3.3B  clearly  illustrate  the  increase  Gaft^MjjMj  s)  peak  in 
the  C Is  binding  energy  region. 

The  high  surface  sensitivity  of  ISS  makes  it  a very  important  surface  analytical  tool 
capable  of  yielding  compositional  information  about  the  outermost  atomic  layer  of  a solid. 
This  is  important  because  surface  chemical  processes  such  as  film  growth  and  cleaning 
occur  at  the  outermost  atomic  layer  even  though  the  subsurface  regions  are  altered  by 
migration  of  species  participating  in  the  reaction.  ISS  is  most  useful  for  providing 
complimentary  information  to  XPS  and  Auger  electron  spectroscopy  (AES).  These 
techniques  are  much  less  surface  sensitive.  Generally,  they  probe  more  than  30  atomic 
layers  beneath  the  surface  and  less  than  10%  of  the  total  signal  originates  from  the 
outermost  atomic  layer.  This  information  from  the  outermost  atomic  layer  usually  cannot 
be  separated  from  the  subsurface  layer  information  so  ISS  provides  very  important, 
complementary  information  to  these  more  commonly  used  techniques. 

The  principle  features  in  ISS  are  due  to  elastic  scattering  of  inert-gas  ions  (usually 
He*  or  Ne*)  off  the  solid  surface.  Detailed  descriptions  of  the  ISS  process  have  been 
published  (50-55)  and  are  not  reviewed  here.  Ion  scattering  spectroscopy  is  so  highly 
surface  sensitive  because  both  the  scattering  cross  sections  and  the  neutralization 
probability  are  large.  Primary  ions  which  penetrate  beneath  the  surface  either  are 
neutralized  or  scatter  multiple  times  losing  energy  in  each  collision  and  finally  contribute  to 
the  background.  The  neutralization  probability  is  influenced  by  the  electrical  properties  of 
the  surface,  i.e„  for  conductors  the  ion  background  is  very  small  whereas  it  is  large  for 
less  conductive  surfaces. 

Ion  scattering  spectroscopy  spectra  obtained  using  1-keV  Ne*  from  the  as-received. 


Figures  3.4a  and  b.  respectively.  The  ISS  peaks  due  to  the  Ga  and  As  appear  at  £/E0 
values  of  0.340  and  0.365.  respectively,  for  the  scattering  angle  used  in  this  study.  These 
E/E0  values  are  in  excellent  agreement  with  the  binary  elastic  collision  scattering  equation. 

the  clean  surface.  These  ISS  spectra  are  in  good  agreement  with  those  obtained  by  Rdhkci 
and  Hartnagel  (48)  before  and  after  cleaning  a GaAs(  100)  surface  by  ion  sputtering.  The 
peak  located  at  an  E/E0  of 0.422  is  attributed  to  multiple  scattering  events  between  the  target 
atoms  and  the  incident  ion  beam.  The  shape  of  this  feature  is  determined  by  the  structural 
arrangement  of  the  atoms  at  the  surface  (56)  so  it  changes  with  the  various  treatments.  A 
large  background  signal  is  evident  in  Figure  3.4a  relative  to  that  of  the  cleaned  surface. 
The  decrease  in  the  background  is  due  to  the  surface  becoming  more  conductive  as  the 
insulating  oxide  layer  is  removed.  Peaks  due  to  C or  O do  not  appear  in  ISS  spectra  taken 
with  Ne*  at  the  scattering  angle  used  because  they  are  lighter  than  the  primary  ion  (50). 

Ion  scattering  spectroscopy  spectra  taken  after  heating  the  cleaned  surface  to  180°C 
and  then  cooling  to  room  temperature  are  shown  in  Figures  3.5a  and  b.  respectively.  The 
Ga-to-As  atom  ratio  is  larger  at  180»C  than  at  32°C  by  about  15%.  Since  180°C  is  weU 
below  the  sublimation  temperature  for  As  (>  600°Q,  the  increased  Ga  at  the  outermost 
surface  is  presumed  to  be  due  to  migration  of  subsurface  Ga  atoms  to  the  outermost  layer. 
The  increase  in  the  inelastic  scattering  peak  can  be  attributed  to  alterations  in  the  surface 
structure.  These  results  were  both  reproducible  and  reversible. 

The  ISS  spectra  obtained  from  a clean  GaAs(001)  surface  immediately  after 
sputtering  for  30  minutes  with  1-keV  Ne*.  the  same  surface  after  waiting  10  min  and  then 
another  120  min  are  shown  in  Figure  3.6a,  b and  c.  respectively.  The  surface  Ga-to-As 
ratio  decreases  by  a small  amount  as  the  surface  relaxes  after  the  ion-etch.  This  result 
demonstrates  that  these  surfaces  change  slowly  after  ion  sputtering.  Initiating  epitaxial 
growth  on  GaAs(001)  immediately  after  ion  sputtering  may  result  in  atomic  rearrangements 
at  the  film-substrate  interface  which  could  influence  the  structure  and  properties  of  the  film. 


XPS  and  1SS 


regions  of  polished,  air-exposed,  solvent-cleaned,  n-type  (Si.  - 3 x 10*®  cm*®),  GaAs(OOl) 

The  native  oxide  layer  on  the  solvent-cleaned  GaAs(OOl)  substrate  contains  large  amounts 
of  C,  AS2O5,  As-,0,  and  Gao03  according  to  the  XPS  data.  Several  forms  of  C are  present 
including  hydrocarbons,  alcohols  and  carbide,  but  hydrocarbons  are  predominant.  The 
XPS  data  indicates  that  the  nadve  oxide  layer  contains  considerably  more  Ga  oxide  than  As 
oxide.  Furthermore,  the  As  oxides  are  removed  by  ion  sputtering  at  a lower  total  ion  dose 
than  Ga  oxide  which  also  is  consistent  with  the  fact  that  less  As  oxide  is  present.  The  data 
obtained  in  this  study  lead  to  the  suggestion  that  the  nadve  oxide  formed  on  air-exposed 
GaAs(OOl)  surfaces  is  layered.  The  outermost  region  consists  of  a mixture  of  Ga  and  As 
oxides.  Gallium  (HI)  oxide  is  the  only  oxide  present  near  the  interface,  and  elemental  As 
lies  just  beneath  the  nadve  oxide  layer  and  above  the  bulk  GaAs.  The  nadve  oxide  layer 
contains  a significant  amount  of  C mosdy  in  the  fotm  of  hydrocarbons.  Ion  sputtering 
converts  the  hydrocarbons  into  Ga  carbides  which  are  very  difficult  to  remove.  In-situ 
sputter  etching  and  annealing  treatments  result  in  significant  changes  in  the  surface  Ga-to- 
As  atom  rados.  The  Ga  concentradon  in  the  outermost  atomic  layer  is  about  10%  greater 
than  the  As  concentradon  according  to  ISS  data  obtained  from  the  solvent-cleaned  surface. 
The  large  background  indicates  that  this  surface  is  nonconductive.  The  Ga-to-As  surface 
atom  rado  determined  using  15S  increases  by  annealing  at  temperatures  as  low  as  180°C.  A 
sputter-cleaned  surface  exhibits  an  increase  in  the  Ga-to-As  surface  atom  ratio  which 
returns  to  the  initial  rado  with  time  as  observed  by  ISS. 


Figure  3.1.  XPS  survey  spectra  obtained  from  a solvent-cleaned.  GaAs(OOl)  substrate  (a) 
as-entered,  (b)  after  several  1-keV  Ar*  sputter  and  anneal  cycles  and  (c)  after  continued 
cycles  until  no  oxygen  was  observable  in  the  survey  spectrum.  Peak  assignments  shown 
pertain  to  all  three  spectra. 
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Figure  3.2.  XPS  Ga  and  As  3d  spectra  obtained  from  a solvent-cleaned.  GaAsfOOl) 
substrate  (a)  as-entered  and  (b)  after  1-kcV  Ar*  sputter  and  anneal  cycles  corresponding  to 
the  spectrum  shown  in  Figure  2.1c. 
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Figure  3.3.  XPS  (A)  O Is  and  (B)  C Is  spectra  obtained  from  a solvent-cleaned. 
GaAs(OOl)  substrate  (a)  as-entered  and  (b)  after  1-keV  At’"  sputter  and  anneal  cycles 
corresponding  to  the  spectrum  shown  in  Figure  2.1c. 
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Figure  3.4.  ISS  spectra  obtained  from  a solvent-cleaned  GoAs(OOl)  substrate  (a)  as- 
entered  and  Cb)  after  1-keV  Ar*  sputter  and  anneal  cycles  corresponding  to  the  spectrum 
shown  in  Figure  2.1c. 
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Figure  3.5.  ISS  spectra  obtained  from  a solvent-cleaned  GaAs(OOl)  substrate  after  1-keV 
after  heating  the  clean  surface  to  180°C  and  then  (b)  cooling  to  room  temperature. 
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Figure  3.6.  ISS  spectra  obtained  from  a solvent-cleaned.  GaAs(OOl)  substrate  (a)  after 
sputtering  for  30  min  with  1-keV  Ne*.  (b)  the  same  surface  after  waitng  10  min  and  then 
(c)  120  min  after  sputtering. 


CHAPTER  4 

CHEMICAL  REACTIONS  INDUCED  BY  THE  ROOM-TEMPERATURE 
INTERACTION  OF  HYPERTHERMAL  ATOMIC  HYDROGEN  WITH  THE  NATIVE 

OXIDE  LAYER  ON  GaAstOOl)  SURFACES  STUDIED  BY  ISS  AND  XPS 

A surface  characterizauon  study  using  XPS  and  ISS  has  been  performed  on 
solvent-cleaned,  n-type  GaAs(001)  substrates  before  and  after  room-temperature  exposure 
to  the  flux  produced  by  a novel  atomic  hydrogen  source  based  on  ESD  of  hypenhermai  (-1 
eV)  hydrogen  atoms.  The  native  oxide  layer  on  the  solvent-cleaned  GaAs(OOl)  substrate 
contains  C.  ASjO..  As-tOj  and  Ga^Oj  according  to  the  XPS  data  with  Ga™0,  being  the 
predominant  species.  Before  H-atom  exposure  the  C is  present  as  hydrocarbons, 
carbonates,  alcohols  and  carbides  with  hydrocarbons  as  the  predominant  chemical  state. 
Upon  room-temperature  exposure  to  a 1-eV  hypenhermai  H-atom  flux,  the  O in  As  and  Ga 
oxides  is  removed,  and  the  amount  of  C present  is  reduced  through  methane  formation  and 
desorption.  In  this  process  hydrocarbons  ate  not  converted  to  carbides  which  are  difficult 
to  remove,  as  in  the  case  of  ion  sputtering.  After  reduction  the  predominant  form  of  O is  a 
subsurface,  dissolved  0.  and  the  outermost  atomic  layer  is  enriched  in  O by  a chemical- 
induced  driving  force. 


Experimental 

chapter.  X-ray  photoelectron  spectroscopy  and  ISS  spectra  were  obtained  first  from  an  as- 
received.  solvent-cleaned  sample.  The  sample  was  then  transferred  into  an  adjoining  UHV 

manipulator.  The  surface  was  then  exposed  to  a 1-eV  hypenhermai  H flux  and  reexamined 
after  total  exposure  times  of  IS  min.  45  min  and  18  hr.  At  no  time  was  the  sample  exposed 
to  air  after  the  initial  insertion  into  the  UHV  chamber.  The  sample  was  maintained  at  room 


ing  XPS 


The  XPS  survey  spectra  obtained  from  an  as-received,  solvent-cleaned  Ga(OOl) 
surface  before  and  after  a 15-min,  H-atom  exposure  are  shown  in  Figure  4.1a  and  b. 
respectively.  Significant  changes  in  peak  shapes,  positions  and  relative  peak  heights  are 
observed  for  Ga,  As.  C and  O.  The  O Is  peak  in  Figure  4.1  is  predominant  since  a large 

present  at  about  the  noise  level.  This  is  consistent  with  the  ISS  data  discussed  below. 
Relative  to  the  O Is  peak,  the  Ga  and  As  3s.  3p,  3d  and  Auger  peaks  all  increase  in  height 
with  H-atom  exposure  and  their  peak  shapes  are  changed  due  to  reduction  of  As-  and  Ga- 
oxides.  The  C Is  peak  is  of  particular  importance.  Its  intensity  decreases  significantly 
with  the  cleaning  treatment.  The  significant  change  in  shape  in  the  C Is  region  is  due  to  the 
facts  that  C is  removed  from  the  surface  and  that  the  GafLj.MjjM^j)  feature  becomes 
more  prominent.  The  O Is  peak  height  still  is  quite  large  after  the  15  min  exposure,  but 
continues  to  decrease  in  intensity  with  further  treatment.  In  this  study  the  O-to-Ga  peak- 

composition  of  the  near-surface  region  and  to  changes  in  the  matrix. 

High-resolution  XPS  As  3d.  Ga  3d.  Ga  2p,  O Is  and  C Is  spectra  obtained  from 
an  as-received,  solvent-cleaned  GaAs(OOl)  substrate  before  and  after  exposure  to  the  H- 

that  the  nature  of  the  chemical  species  present  is  altered  significantly 


the  spectra,  indicating  i 


Slate  analysis,  and  the  reierence  3Es  used  for  these  assignments  are  given  in  table  4. 1.  Hie 
As  and  Ga  3d  peaks  shown  in  Figure  4.2Aa  indicate  that  As,0«.  As,0,.  Ga^O,  and  GaAs 
are  ail  present  in  the  near-suriace  region  of  the  as-received  sample.  As  shown  in  Figure 
4.2Ab.  the  features  due  to  As  oxides  are  eliminated  by  the  15-min.  H-atom  exposure,  but  a 
smail  Ga.03  contribution  soil  is  apparent  as  a shoulder  on  the  high-BE  side  of  the  Ga  3d 
peak.  This  observadon  is  consistent  with  data  obtained  in  the  previous  study  (56).  The  Ga 
2p  peak  positions  shown  in  Figure  4.2Ba  and  4.2Bb  also  vary  significantly  before  and 
after  the  H-atom  exposure.  The  Ga  2p  BEs  for  Ga^Oj  and  GaAs  are  1 117.8  eV  (57)  and 
1117  eV  (58)  respectively.  The  shift  to  lower  BE  after  the  15  min  H-atom  treatment  is 
consistent  with  oxide  removal. 

The  O Is  peak  shapes  and  positions  obtained  from  the  sample  ore  shown  in  Figure 
4.3A  before  and  after  incremental-time  exposures  to  the  H-atom  (lux.  With  increasing 
exposure  the  peak  develops  a more  symmetrical  shape  and  shifts  reward  lower  BE  The  O 
Is  feature  is  initially  broadened  toward  the  high  BE  side  due  to  contributions  from  both  As 
and  Ga  oxides.  The  As  oxide  shoulder  decreases  with  exposure  time.  After  the  18-hr 
treatment  most  of  the  O is  present  in  some  form  other  than  As  oxide  or  Ga  oxide.  It  has  an 
O Is  BE  of  about  530.2  eV  and  probably  is  a dissolved  or  interstitial  atomic  oxygen.  In 
studies  of  AgO  and  Ag20  (59.60).  chemisorbed  O has  a BE  of  528.2  eV  and  subsurface 
dissolved  O has  a BE  of  531.0  eV.  This  fact  is  consistent  with  the  assertion  that  the  O Is 
feature  in  Figure  4.3A  after  H-arem  treatment  is  due  to  subsurface  dissolved  O particularly 
since  other  forms  of  0 have  been  removed.  In  the  previous  study  of  sputter  cleaned 
GaAs(OOl),  the  remaining  small  Ols  feature  is  due  to  chemisorbed  0 with  a BE  of  529.0 

The  zincblende  lattice  of  GaAs  consists  of  two  interpenetrating  fee  sublattices,  with 
the  origin  of  the  second  sublatticc  located  one  fourth  of  the  distance  along  the  major 
diagonal  of  the  first  sublattice.  The  unit  cube  for  GaAs  has  a volume  a3,  where  a is  the 


1.  The 


interstitial  which  occurs  when  an  atom  is  placed  in  the  interstitial  void  within  the  crystal. 
The  energy  of  foimadon  of  an  interstitial  defect  is  relatively  large  for  a close-packed  crystal 
structure,  but  the  energy  can  be  reiadvciy  small  in  looseiy  packed  crystal  structures  such  as 

which  can  be  filled  by  the  atoms  in  the  iatdce  structure.  Using  a hard-sphere  model,  the 

in  the  diamond  and  zincblenae  structures  is  0.34.  Oxygen  solute  atoms  probably  fit  into 
the  interstices  of  the  solvent  GaAs  lattice.  This  explanation  is  consistent  with  the 
observation  that  a large  O 1 s peak  shifted  to  a lower  BE  remains  after  removal  of  the  Ga- 
and  As-oxides. 

The  C Is  peak  shapes  shown  in  Figure  4.3B  are  quite  complex  and  change 
significantly  with  H-atom  exposure.  Peaks  or  shoulders  due  to  at  least  five  different 
carbon  species  are  apparent.  The  predominant  peak  at  284.6  eV  for  all  the  spectra  shown  is 

adsorbed  alcohols,  and  a shoulder  is  present  at  a BE  of  287.8  eV  due  to  adsorbed  species 
such  as  MejCO.  On  the  high-BE  side,  a very  small  shoulder  at  289.4  eV  may  be  attributed 
to  the  presence  of  bicarbonate  or  an  organic  acid  (45).  Carbonate  species  can  form  at  the 
surface  by  adsorption  of  C02  from  air.  The  shoulder  on  the  iow-BE  side  at  283.2  eV  is 
most  likely  due  to  the  presence  of  Ga  carbide  (56).  Carbon  has  a relanveiy  small  sensitivity 
factor  so  the  C Is  peak  heights  in  Figure  la  indicate  that  relatively  large  amounts  of  C are 
present  at  this  surface.  As  observed  in  the  previous  study  (56),  sputtering/annealing 
treatments  result  in  the  conversion  of  hydrocarbons  to  carbide  which  becomes  the 


difficult  I 


contamination  from  GaAs  surfaces. 

The  Ga(LMM)  Auger  peaks  shown  in  Figure  4. 1 are  aiso  changed  significantly 
after  H-atom  exposures.  The  intensities  of  the  Ga(L3M4 jM4  5)  and  GafLjMjjM^) 
features  at  BEs  of  approximately  190  and  282  eV  (KEs  of  1063.6  and  971.6  eV 
respectively)  are  increased  with  exposure.  High-resolution  XPS  spectra  shown  in  Figure 
4.3B  clearly  illustrate  the  enhanced  GafLjM^Mjj)  contribution  in  the  C Is  BE  region. 

Surface  chemical  processes  such  as  film  growth  and  cleaning  occur  at  the  outermost 
atomic  layer  even  though  the  migration  of  species  participating  in  the  process  alter  the 
subsurface  regions.  The  1SS  is  a highly  surface  sensitive  analytical  tool  essentially  yielding 
compositional  information  about  the  outermost  atomic  layer  of  a solid.  Generally,  XPS 
probes  more  than  30  atomic  layers  beneath  the  surface  with  an  exponential  fall-off  of  the 
electron  signal  with  depth.  Typically,  less  than  1096  of  the  total  signal  originates  from  the 
outermost  atomic  layer.  This  information  from  the  outermost  atomic  layer  usually  cannot 
be  separated  from  the  subsurface  layer  information  so  ISS  provides  very  important, 
complementary  information  to  XPS  data.  The  principle  features  in  ISS  are  due  to  clastic 
scattering  of  inert-gas  ions  (usually  He*  or  Ne*)  off  atoms  at  the  solid  surface. 

The  ISS  spectra  obtained  from  the  as-received,  solvent  cleaned  surface  using  1-lceV 
He*  before  and  after  a 15-min.  H-atom  flux  exposure  are  shown  in  Figure  4.4Aa  and 
4.4Ab  respectively.  The  ISS  peaks  due  to  C O.  Na.  Cl.  Ga  and  As  are  apparent  at  E/E0 
values  of  0.27, 0.41. 0.54. 0.68  and  0.80  respectively  for  the  scattering  angle  used  in  this 
study.  Carbon  has  a low  mass  and  a high  neutralization  probability  so  it  is  often  not 
detected  or  yieids  small  features.  The  small  feature  in  Figure  4.4Aa  at  an  E/E0  of  0.27  is 
due  to  the  presence  of  C.  No  distinct  feature  attributable  to  C is  apparent  in  Figure  4.4Ab. 


at  an  E/E3  of  0.46  on  the  H-exposcd  spectrum  in  Figure  4.4Ab  is  due  to  a breakdown  of 
die  MACOR®  insulation  material  used  in  construcdon  of  the  prototype  H-atom  source  at 

subsurface  O to  die  surface  under  a chemical-induced  driving  force.  Such  an  enrichment  of 
the  very  near  surface  region  in  O during  reduction  has  been  observed  previously  during  the 
reduction  of  TiOjfOOl)  (61).  In  these  cases  a reductive  treatment  actually  enriches  the  near- 
surface region  in  O according  to  ISS. 

The  ISS  spectra  obtained  from  the  as-received,  solvent-cleaned  surface  before  and 
after  a 15-min.  H-atom  flux  exposure  using  1-keV  Ne*  are  shown  in  Figure  4.4Ba  and 
4.4Bb  respectively.  In  this  case  ISS  peaks  due  to  the  Ga  and  As  are  resolved  and  appear  at 
E/E0  values  of  0.340  and  0.365  respectively  for  the  scattering  angle  used  in  this  study. 
These  ISS  data  indicate  that  a significantly  higher  Ga-to-As  atom  ratio  is  present  on  the 
solvent-cleaned  surface  compared  to  die  H-atom  exposed  surface.  This  may  be  due  to 
enrichment  of  die  outermost  atomic  layer  in  As  during  the  reductive  treatment  or  preferential 
coverage  of  tile  Ga  with  O.  These  N'c*  ISS  spectra  are  in  good  agreement  with  those 
obtained  by  RBhkcl  and  Harmagei  (48)  and  with  those  presented  in  the  previous  study  (56) 
before  and  after  cleaning  a GaAs(001)  surface  by  ion  sputtering. 

Summary 

X-ray  photoelectron  spectroscopy  and  ISS  have  been  used  to  examine  the  near- 
surface  region  and  outermost  atomic  layer  of  polished,  air-exposed,  solvent-cleaned,  n-type 
(Si,  - 3 x 10iS  cm'3),  GaAs(001)  substrates  before  and  after  room-temperature  exposures 
to  the  flux  produced  by  a novel  ESD  hypenhermal  H-atom  source.  The  native  oxide  layer 
on  the  solvent-cleaned  GaAs(OOl)  substrate  contains  C As205,  As^O,  and  Ga^  with 
considerably  more  Ga  oxide  titan  As  oxide  according  to  the  XPS  data.  Several  forms  of  C 
are  present  including  hydrocarbons,  alcohols,  carbonates  and  carbide  with  hydrocarbons  as 


Most  importantly,  hydrocarbons  are  not  converted  to  carbide  as  in  the  case  with  cleaning  by 
ion  sputtering.  Thus,  low-temperature  removal  of  both  O and  C is  possible  using  this  H- 

subsurfacc  dissolved  or  interstitial  species  according  to  the  XFS  data.  This  is  not  the  case 
for  an  ion-sputtered  GaAs(OOl)  surface  where  the  predominant  O species  after  nearly 
complete  removal  of  the  O by  ion  sputtering  is  a chemisorbed  species,  which  is  probably 
formed  by  sputter-induced  dccomposidon  of  the  oxides.  According  to  the  He*  ISS  data 
obtained  from  the  solvent-cleaned  surface  before  and  after  a 15-min,  H-atom  exposure,  the 
subsurface  O migrates  to  the  outermost  atomic  layer  after  significant  reduedon  of  the  Ga- 
and  As-oxides.  The  Ga-to-As  surface  atom  ratio  is  decreased  for  the  H-atom  exposed 
surface,  and  the  rado  is  similar  to  that  obtained  from  sputter-etched  surfaces.  This  change 
may  be  due  to  preferential  migration  of  the  As  to  the  outermost  atomic  layer  or  preferential 
coverage  of  the  Ga  of  O which  becomes  enriched  in  the  very  near-surface  region  by  a 


rally  induced  driving  potential  produced  by  the  H-a 
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Figure  4.1.  XPS  survey  spectra  obtained  from  a solvent  cleaned  GaAs(001)  surface  (a) 
after  insertion  into  the  vacuum  system  and  (b)  after  a 15  min.  room  temperature  exposure  to 
the  hyperthermal  H-atom  flux.  Features  labeled  pertain  to  both  (a)  and  (b),  and  the  two 
spectra  have  been  arbitrarily  scaled  with  respect  to  each  other. 


The  Ga(LMM)  Auger  peaks  shown  in  Figure  4.1  are  also  changed  significantly 
after  H-atom  exposures.  The  intensities  of  the  Ga(L,MMM0)  and  Ga(L,Mt,M)J)  features 
at  BEs  of  approximately  190  and  282  eV  (KEs  of  1063.6  and  971.6  eV  respectively)  are 
increased  with  exposure.  High-resolution  XPS  spectra  shown  in  Figure  4.3B  clearly 
illustrate  the  enhanced  Ga(L,M„M„)  contribution  in  the  C Is  BE  region. 

Surface  chemical  processes  such  as  film  growth  and  cleaning  occur  at  the 
outermost  atomic  layer  even  though  the  migration  of  species  participating  in  the  process 
alter  the  subsurface  regions.  The  ISS  is  a highly  surface  sensitive  analytical  tool 
essentially  yielding  compositional  information  about  the  outermost  atomic  layer  of  a solid. 
Generally,  XPS  probes  more  than  30  atomic  layers  beneath  the  surface  with  an 
exponential  fall-off  of  the  electron  signal  with  depth.  Typically,  less  than  10%  of  the 
total  signal  originates  from  the  outermost  atomic  layer.  This  information  from  the 
outermost  atomic  layer  usually  cannot  be  separated  from  the  subsurface  layer  information 
so  ISS  provides  vety  important,  complementaiy  information  to  XPS  data  The  principle 
features  in  ISS  are  due  to  elastic  scattering  of  inert-gas  ions  (usually  He"  or  Ne')  off 
atoms  at  the  solid  surface. 

The  ISS  spectra  obtained  from  the  as-received,  solvent  cleaned  surface  using 
1-keV  He"  before  and  after  a 15-min,  H-atom  flux  exposure  are  shown  in  Figure  4.4Aa 
and  4.4Ab  respectively.  The  ISS  peaks  due  to  C,  O,  Na,  Cl,  Ga  and  As  are  apparent  at 
E/E„  values  of  0.27,  0.41,  0.54,  0.68  and  0.80  respectively  for  the  scattering  angle  used 
in  this  study.  Carbon  has  a low  mass  and  a high  neutralization  probability  so  it  is  often 


yields  small  features.  The  small  feature  in  Figure  4.4Aa 
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Figure  4.3.  XPS  (A)  O Is  and  (B)  C Is  spectra  obtained  from  the  solvent  cleaned. 
GaAs(001)  surface  (a)  after  insertion  into  the  vacuum  system  and  after  (b)  a 15  min.  (c)  a 
45  min  and  (d)  a 18  h exposure  to  the  hyperthermal  H-atom  flux. 
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Figure  4.4.  ISS  spectra  obtained  from  the  solvent  cleaned.  GaAs<001)  surface  (a)  before 
and  (b)  after  a 15  min.  room  temperature  exposure  to  the  1 eV  hyperthermal  H-atom  flux. 
The  spectra  in  (A)  were  obtained  using  a 1-keV  He*  primary  flux,  and  the  spectra  in  (B) 
were  obtained  using  a 1-keV  No*  primary  flux. 


CHAPTERS 

CHEMICAL  ALTERATIONS  OF  THE  NATIVE  OXIDE  LAYER  ONInPOl  I)  BY  THE 
EXPOSURES  TO  HYPERTHERMAL  ATOMIC  HYDROGEN 
Recently,  in-situ  cleaning  by  exposing  InP  surfaces  to  H2  plasmas  generated  by 

native  oxide  and  also  in  passivating  the  surfaces  by  blocking  the  electrical  activity  of 
dangling  and  defective  bonds  with  H (68-72).  However,  these  souices  are  expensive  and 
physically  incompatible  with  standard  MBE  equipment.  They  operate  at  high  pressures  and 
produce  large  amounts  of  contamination  and  ions.  Furthermore,  a direct  and  prolonged 
exposure  to  Hj  plasmas  can  preferentially  remove  phosphorus,  leaving  a metallic  indium- 
rich  surface  (10,73)  and  can  induce  surface  roughening  with  loss  of  the  mirror-like  aspect. 

Thus  far,  most  of  the  InP  studies  have  focused  on  the  (100)  and  (1 10)  surfaces 
with  only  a few  studies  on  the  (111)  surface  (19.74-77).  This  may  be  due  to  the 
difficulties  encountered  in  obtaining  a clean  mirror  finish  on  this  surface  using  conventional 
procedures  (75). 

A surface  characterization  study  using  XPS  and  ISS  has  been  performed  on 
polished,  solvent-cleaned,  undoped  InP(lll)  substrates  before  and  after  room-temperature 
exposure  to  the  flux  produced  by  a novel  atomic  hydrogen  source  based  on  ESD  of 
hypenhermal  (-  1 eV)  hydrogen  atoms.  The  native  oxide  layer  on  the  solvent-cleaned 
InP(l  11)  substrate  is  nonhomogeneous  and  contains  primarily  C,  O and  In  and  very  litde 
P.  Indium  is  present  in  the  near-surface  region  as  InP03  or  InfPOjJj,  crystalline  and 

H-atom  exposure  the  C is  present  as  hydrocarbons,  alcohols,  carbonates  and  carbide  with 
hydrocarbons  as  the  predominant  chemical  state.  During  room-temperature  exposure  to  the 
1-eV  hypenhermal  H-aiom  flux  for  90  min,  removal  of  oxygen-  and  carbon-contamination 


occurs  with  the  C content  decreasing  by  93%.  The  in:P  ratio  is  initially  2.28  indicative  of 

ratio  decreases  to  1.30  and  1.11.  respectively.  According  to  ISS  data,  the  H-atom  flux  is 
very  effective  in  removing  contaminauon  at  the  outermost  atomic  layer  which  is  crucial  for 
epitaxial  growth  of  device-quality  thin  films. 


Experimental 

An  as-received,  polished  Sumitomo  Industries.  Ltd.,  undoped  InP<lll)  substrate 
was  ultrasonically  solvent  cleaned  in  toluene,  acetone,  trichloroethylene,  acetone  and 
ethanol  (in  that  order)  and  then  inserted  into  an  UHV  chamber  (base  pressure  < lO-10 
Tore).  X-ray  photoelectron  spectroscopy  and  ISS  were  performed  using  a double-pass 
CMA  (PHI  model  25-270AR).  The  details  of  the  characterization  experiments  have  been 
described  in  chapter  two. 

Rcailis.and  Discussion 

The  XPS  survey  spectra  obtained  from  an  as-received,  solvent-cleaned  InP(lll) 
surface  before  and  after  a 13-  and  then  90-min.  H-atom  exposure  are  shown  in  Figure 

spectra.  The  peaks  apparent  in  these  spectra  include  the  In  core-level  and  Auger  peaks,  the 
P 2s  and  2p  peaks,  the  0 Is  and  Auger  peaks,  the  C Is  peak,  the  valence-band  and  a small 
doublet  at  about  230  eV  from  the  Ta  support  wire  which  attached  the  sample  to  the  sample 
holder.  Transition  metal  sensidvity  factors  are  reladvely  large  so  any  contributions  from 
the  tantalum  wire  to  the  O or  C features  can  be  neglected.  Significant  changes  in  peak 
shapes,  positions  and  relative  peak  heights  are  observed  for  the  In.  P.  C and  O features  due 
to  the  H-atom  exposures.  An  estimate  of  the  near-surface  composition  can  be  o 
from  the  peak  heights  in  the  survey  spectra  by  assuming  that  this  region  is  homo) 
and  using  published  atomic  sensitivity  factors  (45).  The  compositions  determine! 


obtained 


manner  are  presented  in  table  5.1  for  the  as-entered.  15-  and  90-mrn  exposures  to  the  H- 
atom  flux.  Both  the  compositions  and  the  In:P  rados  vary  considerably  with  exposure  to 
the  H-atom  flux.  The  solvent-cleaned  sample  contains  the  least  In+P  (or  the  most  C+O) 
with  the  H-atom  treated  samples  containing  67  and  188  al%  more  In+P  for  the  15-  and  90- 
min  H-atom  exposures  rcspecdvely.  For  the  as-entered  sample,  the  C and  O features  are 
large.  Both  the  C and  O concentxauons  decrease  with  exposure  dme  with  the  C content 
decreasing  by  93%  of  its  original  concentration.  The  In;P  rado  is  inidally  2.28  indicative  of 
an  In-tich.  near-surface  region.  After  a 15-min  and  then  a 90-min  H-atom  exposure,  the 
In:P  rado  decreases  to  1.30  and  1.1 1.  rcspecdvely. 

High-resoluuon  XPS  P 2p,  O Is.  C Is,  In  3d  and  In  Auger  spectra  obtained  from 

flux  for  IS-  and  90-min  periods  are  shown  in  Figures  5.2  through  5.4.  Significant 
variadons  in  peak  shapes  and  positions  are  observed  between  nonexposed  and  exposed 
surfaces,  indicating  that  the  nature  of  the  chemical  species  present  is  altered  significantly  by 
exposure  to  the  H-atom  flux.  X-ray  photoelectron  spectroscopy  has  been  used  to  examine 
species  present  at  nauve  oxide  surfaces  on  InP  in  numerous  studies.  Generally,  the  XPS 

present.  Unfortunately,  the  spectral  resolution  often  is  not  high  enough  to  resolve  closely 
spaced  peaks,  and  the  interpretation  of  the  absolute  binding  energy  (BE)  values  for  the 
unambiguous  assignment  of  the  indium  and  phosphorus  environments  can  be  complicated 
by  the  surface  Fermi  level  pinning  energy  and  structural  modifications  such  as  relaxation 
(48,78).  This  is  particularly  true  in  the  identification  of  In  species  using  3d  assignments 
since  all  the  different  chemical  suites  of  In  considered  in  this  study  lie  within  a narrow  BE 
range.  However,  phosphorus  in  InP  (BE  - 128.8  eV)  can  easily  be  distinguished  from 
oxidized  phosphorus  compounds  (BE  @ 132-135  eV).  For  these  oxides,  however,  it  is 

134.0  ± 02  eV),  InP03  (BE  = i 33.5  ±0.2eV)and  In(P03)3  (BE  = 133.7  ± 0.2  eV)  from 


Jy  (33) : 


compounds  have  been  discussed  previous 

elemental  phosphorus.  In  phosphates,  and  P205.  A significant  amount  of  elemental 
phosphorus  is  present  on  all  three  surfaces.  The  predominant  P 2p  peak  lies  at  128.8  eV 
and  is  assigned  as  crystalline  InP  (79).  A peak  from  an  unidentified  phosphorus  species 
lies  at  about  127.8  eV  which  is  consistent  with  that  observed  by  Hoekje  and  Hoflund  (33). 
The  phosphorus  peak  shapes  obtained  from  the  unexposed  and  H-atom  exposed  surfaces 
exhibit  a shoulder  at  a P 2p  BE  of  about  129.3  eV  assigned  in  this  study  to  amorphous  InP 
(a-InP)  (80).  This  peak  is  in  agreement  with  that  observed  by  Hoekje  and  Hoflund  (33). 

amorphous  portion  of  the  predominant  peak  becomes  more  enhanced.  This  fact  suggests 
that  the  InP  which  forms  under  the  H-atom  treatment  is  amorphous.  The  feature  assigned 
as  InPgOj  (consisting  of  InP04,  In(P03)3  and  InPOj)  varies  with  regard  to  both  shape  and 
intensity.  It  primarily  broadens  to  lower  BE  as  phosphate  is  converted  to  biphosphate  by 
chemical  reaction  with  the  atomic  H.  Another  feature  is  present  at  a BE  of  about  133.6  eV 
in  (a)  due  to  P205.  This  feature  is  eliminated  by  the  H-atom  exposure.  Since  the  chemical 
changes  possible  are  many  and  complex,  only  limited  information  can  be  deduced  from 
these  spectra.  The  P205  may  be  converted  to  a phosphate,  a biphosphate  or  elemental 
phosphorus  by  the  H-atom  flux. 

The  XPS  O Is  features  obtained  from  the  sample  are  shown  in  Figure  5.3A  before 
and  after  the  incremental-time  exposures  to  the  H-atom  flux.  Many  different  chemical 
of  oxygen  are  present  on  these  surfaces,  and  they  all  contribute  to  the  O Is  feature, 
and  shoulders  due  to  ln203.  InP04.  In(P03)3,  In(OH)3,  P2Os.  and  H20  species  are 
it  as  well  as  an  unidenufied  feature  at  531.2  eV.  All  of  these  features  including  the 
iwn  predominant  species  were  observed  by  Hoekje  and  Hoflund  (33).  In  (a)  the 
minant  In  species  are  InP04  and  In(P03)3  which  makes  this  feature  broad.  A 


Peaks! 


A small  peak  due  10  nonbridging  P:05  (79)  is  also  present.  With  increasing  exposure  the 
predominant  peak  develops  a more  symmetrical  shape  and  shifts  toward  lower  BE 
indicating  that  chemical  changes  occur  during  the  H-atom  exposures.  As  shown  in  table 
5.2.  the  oxygen  content  of  the  near-surface  region  is  significantly  reduced  by  the  H-atom 
flux.  The  shoulder  due  to  is  reduced,  which  is  consistent  with  the  in  3d  spectra 

exposures  so  the  broadened  shoulders  in  (b)  and  (c)  are  due  to  enhanced  OH"  signals. 
According  to  the  P 2p  spectra,  the  H-atom  exposure  converts  InP04  and  In(P03)3  to 
biphosphates.  Therefore,  the  narrowing  of  the  O Is  feature  and  the  increased  prominence 
of  the  531.2-eV  feature  imply  that  this  peak  is  due  to  In  biphosphate.  These  data  suggest 
that  In  biphosphate  is  less  suscepdble  to  decomposition  by  H-atoms  than  other  In  and  P 
species  present,  which  is  reasonable  since  the  biphosphtue  forms  through  reactions  induced 
by  the  H-atoms.  In  (c)  the  shoulder  due  to  111203  is  diminished  further,  the  In(OH)3 
shoulder  is  enhanced  and  only  a fairly  well-defined  peak  due  to  In  biphosphate  is  present 
The  decomposition  of  the  In  phosphates  may  occur  through  conversion  to  In  biphosphates 
initially  and  then  to  InfOH^. 

The  C Is  peak  shapes  shown  in  Figure  5.3B  significantly  with  H-atom  exposure. 
Peaks  or  shoulders  due  to  the  presence  of  several  different  carbon  species  are  apparent 
The  predominant  peak  at  284.6  eV  for  all  the  spectra  shown  is  due  to  hydrocarbons,  and  a 
shoulder  present  at  a BE  of  about  286.0  eV  is  due  to  adsorbed  alcohols.  The  shoulder  on 
the  low  BE  side  at  about  282.7  eV  most  likely  is  due  to  the  presence  of  a carbide  since 
carbides  have  C Is  BEs  below  283.0  and  other  C-containing  compounds  have  higher  BEs. 

carbides  such  as  A14C3  are  known  to  exist  (80)  whereas  V carbides  apparendy  have  not 


composition  using  the  homogeneous  assumption  gives  an  initial  carbon  content  of  42-1  at% 
which  is  reduced  to  only  3.0  at%  after  the  90-min  H-atom  exposure.  Therefore,  exposure 

surfaces. 

The  In  3d  peaks  shown  in  Figure  5.4A  are  fairly  narrow  and  well-defined  even 
though  multiple  In  chemical  states  contribute  to  these  features.  These  peaks  do  change  in  a 

maximum  shifts  a few  tenths  of  an  eV  from  that  of  ln203  to  InP.  The  known  presence  of 
Inj03,  InP04,  In(P03)3  and  In(OH)3  broaden  the  InP  feature  to  the  high-BE  side 
according  to  the  data  in  table  5.2.  For  these  species  the  O-to-In  ratios  are  1.5. 4. 9 and  3. 
respectively.  Based  on  these  O-to-In  ratios,  the  O concentrations  in  table  5.1,  and  the 
information  provided  by  the  O Is  features,  only  a fairly  small  fraction  of  the  In  is  bonded 
as  111203,  InP04,  In(POj)3,  In(OH)3  and  In  biphosphates.  This  explains  why  the  peaks  in 
Figure  5.4A  are  broadened  to  the  high  BE  side  and  no  distinct  shoulder  due  to  these  species 
is  present.  The  In  3d5/2  spectra  shown  in  Figure  5.4B  of  the  study  by  Hoflund  and 
Corailo  (32)  are  consistent  with  this  explanation.  Studies  often  focus  on  the  In  3d  features 
for  chemical  state  evaluation  even  though  information  is  difficult  to  obtain  since  the 
chemical  shifts  are  small.  High-resolution  Auger  spectra  for  the  dominant  In  peaks  at  a 
kinetic  energy  of  about  400.9  eV  (BE  = 852.7  eV)  are  shown  in  Figure  5.4B.  The  Auger 
spectra  obtained  from  the  solvent-cleaned  InP(l  11)  surface  before  and  after  1 5-min  and  90- 
min  exposures  to  the  H-atom  flux  are  shown  in  Figures  5.4Ba,  b and  c,  respectively.  The 

InP  surface  respectively  (81).  With  increasing  H-atom  exposure,  the  spectra  become  more 
similar  to  that  obtained  from  clean  InP  in  that  the  shoulders  on  the  high-BE  side  are  reduced 
in  size  and  the  peak  widths  are  decreased.  The  kinetic  energy  of  the  M5N4JN4  s transition 
is  403.0  eV  (BE  = 850.6  eV)  which  is  about  2.0  eV  smaller  than  values  reported  for  In 


metal  (45.82).  This  value  is  also  about  0.6  eV  larger  than  values  reported  for  In.Oi  (82) 
and  agrees  with  values  reported  by  Clark  el  al.  (83)  and  Hoflund  and  Corailo  (32)  for  InP. 
The  air-cleaned  sample  exhibits  the  opposite  effect  in  that  the  peak  is  broader  and  contains  a 
shoulder  on  the  high-BE  side  compared  to  that  from  clean  InP.  Compared  with  the  In 
3d<^  spectra,  differences  in  the  ln(MNN)  features  are  greater  and  therefore  provide  more 
readily  observable  chemical-state  information. 

The  ISS  spectra  obtained  from  the  solvent-cleaned  InP(lIl)  surface  using  1-keV 
He*  before  and  after  the  H-atom  flux  exposures  are  shown  in  Figure  5.5.  The  change  in 

significant  ISS  peaks  due  to  C.  O.  P and  In  are  apparent  at  E/E0  values  of  0.27. 0.39, 
0.62  and  0.88.  respectively  for  the  scattering  angle  used  in  this  study.  The  large,  broad 
background  feature  in  Figure  5.5a  is  due  to  the  presence  of  C and  O and  is  typical  of  a 
contaminated,  air-exposed  surface.  This  feature  is  absent  after  the  surface  was  exposed  to 
the  H-atom  flux  for  only  IS  min  demonstrating  the  high  chemical  reactivity  of  the  H-atoms. 
A large  In  peak  at  an  E/E„  of  0.88  is  apparent  in  Figure  5.5b  and  c after  the  H-atom 
exposures,  and  these  spectra  are  similar  to  those  obtained  from  a clean  InP  surface  (33). 
Phosphorus  has  a lower  mass  than  In  and  therefore  a lower  sensitivity  factor. 
Nevertheless,  the  spectra  shown  in  Figure  5.5b  and  c indicate  that  the  outermost  atomic 

reduced  background  particularly  in  the  lower  E/E„  region  which  is  consistent  with  the  fact 
that  much  more  C is  removed  during  the  longer  H-atom  exposure.  Although  the  H-atoms 
are  highly  reactive,  the  cleaning  process  is  slowed  by  diffusion  of  subsurface  O and  C to 
the  outermost  atomic  layer  of  the  surface  where  they  rapidly  react  with  the  atomic  H and 
leave  the  surface.  Heating  the  sample  at  fairly  low  temperatures  should  increase  the  rate  of 
cleaning  considerably,  and  it  may  be  possible  to  produce  clean  InP  surfaces  by  this  method 


Summary 

X-ray  photoelectron  spectroscopy  and  1SS  have  been  used  to  examine  the  near- 
surface region  and  outermost  atomic  layer  of  polished,  air-exposed,  solvent-cleaned. 

solvent-cleaned  InP(l  1 1)  substrate  is  nonhomogcneous  and  contains  primarily  C.  O and  In 
and  very  little  P.  Indium  is  present  in  the  near-surface  region  as  InP04  or  InlPCtyj,  c-InP 
and  a-InP.  and  a small  amount  of  ln203.  Several  forms  of  C are  present  including 
hydrocarbons,  alcohols,  and  carbide  with  hydrocarbons  as  the  predominant  species.  Upon 
exposure  to  the  hypcnheimai  H-atom  flux,  low-temperature  removal  of  oxygen  and  carbon 

a clean  InP(lll)  surface.  The  In:P  ratio  decreases  from  an  initial  value  of  2.28  for  the 
solvent-cleaned  sample  to  1.11.  According  to  the  He*  ISS  data,  the  H-atom  flux  is  very 

the  outermost  atomic  layer  becomes  the  rate-controlling  step. 
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V.  XPS 
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Figure  5.1.  XPS  survey  spectra  obtained  from  a solvent-cleaned  InP(Ul)  surface  (a)  after 
insertion  into  the  vacuum  system,  (b)  after  a 15-min  and  (c)  after  a 90  min.  room- 
temperature  exposure  to  the  hypenhermal  H-atom  flux.  Features  labeled  pertain  to  all  three 
spectra,  and  the  three  spectra  have  been  arbitrarily  scaled  with  respect  to  one  another. 


N(E)/E  (arbitrary  units) 
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Figure  5.2.  XPS  P 2p  spectra  obtained  from  the  solvent-cleaned.  InP(lll)  surface 
after  insertion  into  the  vacuum  system,  (b)  after  a 15  min  and  (c)  90  min  exposure  to 
hypenhermal  H-atom  flux. 


N(E)/E  (arbitrary  units) 
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figure  5.3.  XPS  (A)  0 Is  and  (B)  C Is  spectra  obtained  from  the  solvent-cleaned. 
InPC  111)  surface  (a)  after  insertion  into  the  vacuum  system,  (b)  after  a 15  min  and  (c)  90 
min  exposure  to  the  hyperthermal  H-atom  flux. 


Figure  5.4.  (A)  XPS  In  3d,a  spectra  and  (B)  XPS  In(MNN)  Auger  spectra  obtained 
from  the  solvent-cleaned.  InPtl  11)  surface  (a)  after  insertion  into  the  vacuum  system,  (b) 
after  a 15  min  and  (c)  90  min  exposure  to  the  hyperthermal  H-aiom  flux.  In  (B)  (d)  was 
obtained  from  a clean  InP  surface  and  (e)  was  obtained  immediately  after  cleaving  an  InP 


N(E/E.)  (arbitrary  units) 


Figure  5.5.  ISS  spectra  obtained  using  a 1-keV  He*  primary  flux  from  the  solvent- 
cleaned.  InP(l  1 1)  surface  (a)  before,  (b)  after  15  min  and  (c)  90  min  room-temperature 
exposures  to  the  1 eV  hyperthetmal  H-atom  flux. 


CHAPTER6 

ROOM  TEMPERATURE  OXIDATION  OF  A GaAs(OOl)  SURFACE  INDUCED  BY 
THE  INTERACTION  OF  HYPERTHERMAL  ATOMIC  OXYGEN  STUDIED  BY  XPS 
ANDISS 

In  this  study  a novel  hypenhermal  oxygen  atom  source  has  been  used  to  form  an 
oxide  layer  on  an  Ar'-sputtered  GaAs(OOl)  surface  at  room  temperature,  and  this  layer  has 
been  examined  using  XPS  and  ISS.  The  XPS  data  indicate  that  the  Ga  in  the  near-surface 
region  is  oxidized  predominantly  to  Ga^Oj  with  a significant  contribution  from  GaAs04 

from  AsjOj  and  GaAsO.  and/or  Asj05.  The  oxide  layer  thickness  is  estimated  to  be  about 
25  A,  and  the  XPS  Ga:As  atom  ratio  increases  from  1.1  to  1.6  during  the  oxidation.  The 
ISS  data  indicate  that  the  resulting  oxide  layer  formed  is  more  electrically  insulating  than  a 


Experimental 

An  as-received.  Sumitomo  Industries  Ltd.,  Si-doped  n-type  GaAs(OOl)  substrate 
with  a carrier  concentration  of  approximately  3 x 1018  cm'3  was  ulnasonically  solvent 

duplicate  typical  ex-situ  substrate  preparation,  removal  of  the  air-exposed  oxide  layer  and 
surface  contaminants,  such  as  carbon  the  solvent-cleaned  sample  was  wet  etched  for  30  s in 
a 7:1:1  solution  of  HjSOatHjOjtHjO  rinsed  with  DI  water  for  5 min  then  placed  in 
concentrated  HQ  for  S tnin  followed  by  a 5 min  DI  water  rinse.  The  sample  was  then 
inserted  into  an  UHV  chamber  (base  pressure  < 10'10  Torr)  as  quickly  as  possible  to 
minimize  air  exposure  to  the  prepared  surface.  X-ray  photoclectron  spectroscopy  and  ISS 
data  were  first  obtained  from  the  as-entered  sample.  The  surfaces  next  were  sputtered  with 


he  O and  C i 


examined  after  a total  exposure  time  of  15  hrs.  The  sample  was  not  examined  at 
intermittent  time  intervals  so  the  rate  of  oxidadon  as  a function  of  time  has  not  been 
determined  in  this  study.  The  effect  of  sample  temperature  also  has  not  been  examined, 
and  this  variable  is  most  likely  quite  important  with  regard  to  the  diffusion  rate  of  Ga  and 
As  atoms  to  the  surface  where  they  react  with  the  atomic  O. 

Results  and  Discussion 

The  XPS  survey  spectra  obtained  from  the  Ar*-sputtered  GaAs(OOl)  surface 
described  above  before  and  after  the  IS  hr  O-atom  exposure  are  shown  in  Figure  6.1a  and 
b respectively.  Peak  assignments  shown  in  Figure  6.1  pertain  to  both  spectra.  Significant 
changes  in  peak  shapes,  positions  and  relative  peak  heights  are  observed  for  Ga,  As  and  O. 

spectra  by  assuming  that  this  region  is  homogeneous  and  using  atomic  sensitivity  factors 
(45).  The  results  of  such  an  analysis  must  be  considered  semi-quantitative  since  elemental 
distributions  (geometrical  or  matrix  effects)  can  have  a large  influence  (84)  on  the  calculated 
values.  The  compositions  determined  in  this  manner  are  presented  in  table  6. 1 for  the  Ar+- 
sputtered  and  15-hr  O-exposed  surfaces.  Both  the  composition  and  the  GatAs  ratio  vary 
considerably  with  exposure  to  the  O-atom  flux.  In  addition  to  Ga  and  As.  the  initial  near- 
surface region  contains  a relatively  small  amount  of  O which  was  not  removed  by  the  Ar+ 
sputtering  process  used.  The  O concentration  greatly  increases  with  O-atom  exposure 
exhibiting  approximately  a 10-fold  increase.  The  Ga:As  ratio  is  initially  1.1.  which  is  close 
stoichiometric  GaAs.  After  the  15-h  O-atom  exposure 


e.  the  Ga:As  i 


examined  in  this  laboratory.  Using  modified  equations  proposed  by  Carlson  and  McGuire 
(85).  this  oxide  layer  thickness  is  esdmated  to  be  about  25  A.  The  modified  equations  used 

High-resolution  XPS  As  3d.  Ga  3d.  O Is.  As  3s  and  Ga(LjM4  jM4j)  spectra 

GaAs(OOl)  substrate  (a)  before  and  (b)  after  the  15  h O-atom  exposure  are  shown  in 
Figures  6.2  and  6.3.  Significant  variations  in  peak  shapes  and  positions  are  observed 
between  nonexposed  and  O-exposed  surfaces  in  all  sets  of  spectra  indicating  that  the  nature 
of  the  chemical  species  present  is  altered  significantly  by  exposure  to  the  O-atom  flux.  The 
As  and  Ga  3d  peaks  shown  in  Figure  6.2a  indicate  that  ASj03  and  As^Oj  are  not  initially 
present,  an  As°-rich  region  lies  above  the  bulk  GaAs  (56).  a small  amount  of  AsOx  (a 
suboxide)  may  also  be  present,  and  a small  Gao03  contribution  is  apparent  as  a shoulder  on 
the  high-BE  side  of  the  Ga  3d  peak.  After  exposure  to  the  O-atom  flux.  AS2O3,  AsjOj, 
Ga203  and  GaAs04  are  all  present  in  the  near-surface  region  according  to  the  XPS 
spectrum  shown  in  Figure  6.2b.  Furthermore,  the  predominant  As  3d  feature  is  shifted  to 
a higher  BE  of  4Z5  eV  which  is  assigned  as  a suboxide  of  As  probably  ASjO  (86). 

The  O Is  peak  shapes  and  positions  obtained  from  the  surface  before  and  after 
exposure  to  the  O-atom  treatment  are  shown  in  Figure  6.3Aa  and  b.  Initially,  Ga^Oj  is  the 

consistent  with  the  data  shown  in  Figure  6 .2a.  After  exposure  to  O the  O Is  peak  increases 
in  height,  develops  a more  symmetrical  shape  and  shifts  toward  higher  BE.  These 
observations  are  consistent  with  the  increase  in  As  oxides  as  observed  in  the  As  3d  spectra 
of  Figure  6.2b.  Although  the  predominant  O Is  feature  has  a BE  which  coincides  with 

A distinct  shoulder  due  to  Ga^t^  is  present  on  the  low-BE  side  of  this  feature.  A very 
small  shoulder  is  present  on  the  high-BE  side  due  to  the  presence  of  surface  water.  This 


water  either  adsorbs  on  the  oxide  surface  from  the  residuai  gas  in  the  UHV  chamber  or 
forms  by  reaction  of  the  background  H,  with  surface  oxygen.  The  As  3s  and 

oxides.  The  Ga(L,M.  5M.  y peak  is  spiit  into  two  peaks  and  broadened.  The  higher  BE 

the  Ga  3d  feature.  The  As  3s  feature  is  reduced  in  intensity  by  oxidation  because  the  near- 
surrace  legion  becomes  enriched  in  both  Ga  and  O. 

A 1-keV  He'*'  ISS  spectrum  obtained  from  the  Ar*-sputtcred  GaAs(OOl)  surface  is 
shown  in  Figure  6.4a.  It  contains  features  due  to  O.  Ga  and  As  at  E/E0  values  of  0.39. 

be  resolved  using  He*.  A small  Si  feature  at  about  the  noise  level  appears  to  be  present  at 
an  E/E0  of  0.63.  This  Si  feature  results  from  the  Si  doping.  In  ISS  the  sensitivity 
increases  with  mass  so  even  though  the  O feature  is  small  the  amount  of  O in  the  outermost 
atomic  layer  is  not  negligible.  The  background  in  ISS  spectra  consists  of  ions  which 
scatter  multiple  limes  and  then  leave  the  surface  as  ions.  The  height  of  the  background 
provides  a measure  of  the  electrical  conductivity  of  the  surface,  i.e.,  as  the  conductivity 
increases  the  background  decreases  due  to  enhanced  neutralization  of  the  ions  (87). 
Spectra  obtained  from  the  O-atom-exposed  GaAs(OOl)  surface  and  the  native  oxide  layer 
on  the  GaAsfOOl)  surface  are  shown  in  Figure  6.4b  and  c.  respectively.  Very  small  Si  and 
Ga/As  features  are  observed  in  spectrum  b.  The  large  feature  is  a charging  peak  which  is 
also  characteristic  of  highly  insulating  surfaces  (88).  By  comparison  the  ISS  spectrum 
obtained  from  the  native  oxide  layer  has  a large  background  characteristic  of  a surface 
which  is  not  very  conductive,  but  it  does  not  contain  a large  charging  feature  as  in  Figure 
6.4b.  These  spectra  indicate  that  the  oxide  layer  formed  by  exposure  of  the  cleaned 
GaAsfOOl)  is  significandy  more  electrically  insulating  than  the  native  oxide. 


Summary 

In  this  study  a novel  hypenheimol  oxygen  atom  source  has  been  used  to  form  an 
oxide  layer  on  an  Ari-sputteredGaAslOOll  surface  at  room  temperature,  and  this  layer  has 
been  examined  using  XPS  and  ISS.  The  XPS  data  indicate  that  the  Ga  in  the  near-surface 
region  is  oxidized  predominandy  to  Ga^Oj  with  a significant  contribution  from  GaAsOa 

from  A So  O i and  GaAsOa  and/or  AS2O5.  Using  modified  equations  proposed  by  Carlson 
and  McGuire,  this  oxide  layer  thickness  is  estimated  to  be  about  25  A.  The  XPS  GatAs 
atom  ratio  increases  from  1.1  to  1.6  during  the  oxidation.  The  As  3s  peak  is  reduced  in 
height  and  broadened  due  to  formation  of  As  oxides.  The  Ga(L3MajMa  peak  is  split 
into  two  peaks  and  broadened.  The  higher  BE  peak  is  due  to  Ga  oxide  formation.  This 
Auger  feature  is  more  sensitive  to  oxidation  than  the  Ga  3d  feature.  The  As  3s  feature  is 
reduced  in  intensity  by  oxidation  because  the  near-surface  region  becomes  enriched  in  both 
Ga  and  O.  The  ISS  data  indicate  that  the  resulting  oxide  layer  formed  is  more  electrically 
insulating  that  a native  oxide  layer  on  this  surface. 


N(E)/E  (arbitrary  units) 


Binding  Energy  (eV) 


Figure  6.3.  XPS  (A)  0 Is  and  (B)  As  3s  and  Ga(L3Ma.5Ma.5,i  spectra  obtained  from  the 
solvent-cleaned,  chemical  and  ion-etched  GaAs(OOl)  substrate  (a)  before  and  (b)  after  a 15 
h.  room-temperature  exposure  to  the  hypcnhermal  O-atom  flux. 


Figure  6.4.  He*  ISS  spectra  obtained  from  the  solvent-cleaned,  chemical  and  ion-etched 
GaAs(OOl)  substrate  (a)  before  and  (b)  after  a 15  h room-temperature  exposure  to  the 
hyperthermai  O-atom  flux.  The  spectrum  shown  in  (c)  was  obtained  from  a native-oxide 
layer  on  GaAsfOOl). 
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APPENDIX  A 

ATOMIC  OXYGEN  FLUX  QUANTIFICATION 
m Pt  foil  was  exposed  to  an  O-atom  flux  for  1 min  and  the  atom  coverage  was 
sing  ion  scattering  spectroscopy  (ISS).  After  exposure  ISS  data  was  taken  in 
ements  until  the  Pt  signal  stabilized  to  a maximum  value  for  three  consecutive 

readings  as  si 

town  in  the  graph  below.  The  change  in  fractional  oxygen  coverage  was  then 

determined  a 

s a funedon  of  atomic  flux,  the  oxygen  sticking  coefficient  and  a target  to 

source  factor. 

. The  equations  used  and  assumptions  made  are  present  below. 
r-^  = FSD(l-6) 

-ln(l-0)=  FSDt 

where  F is  1 

he  atomic  flux.  S = the  O sticking  coefficient  for  Pt,  t = 60  s.  D is  the 

correcdon  fai 

:tor  for  source  to  target  distance,  and  6 = the  0 fractional  covetage. 

F for  60  sec.  exposure 

0.2  x 1014  (atoms/cm2s 
0.4  x 10‘3 4 
0.67  x 1014 
0.96  x 10>4 
1.30  x 1014 
1.72  xlO14 


1 . S - 1 If  the  Slicking  coefficient  is  less  than  1.0.  then  the  flux  will  be  larger. 

2.  The  factor  D for  placing  the  source  7'  away  from  the  sample  is  1/0.177  = 5.6.  For 
a point  source  this  is  1/0.2  * 50.  We  believe  the  actual  value  is  closer  to  10  so  we 
chose  a conservative  value  based  on  geometrical  arguments  and  data  points  obtained 

3.  10  atom  covers  1 Pt  atom  in  ISS.  Again  this  is  conservative  since  the  area  for  an 

O atom  is  UA2  and  the  area  for  the  Pt  atom  is  10.5  A2.  If  it  requires  sev 
atoms  to  shield  a Pt  atom  in  ISS.  then  the  flux  would  be  greater  by  this  ar 


q = (8192-29061/8192  = 0.645 
flux  = 1.95  x 1014  atoms/crms 


veraiO 


M USEDTO^^rO-ATE THE  CK 


a of  A,  XA  is  the  ini 
al  A.  Ka  is  a term  ct 


■M 


P of  B's  electrons  in  tr 


I„ cA|i-«p[-^SinejJnr.',exp(-^rSine)] 

average  IMFP  for  photoeiectrons  of  species  A in  the  jth  layer  which  equals 

X”.  is  the  total  number  of  species) 

where  C„j  is  the  concentration  of  species  n in  the  jth  layer  and  Xau  is  the  IMFP  for  the 
photoeiectrons  of  species  A in  material  of  species  n:  and  tj  is  the  thickness  of  the  jth  layer. 

There  are  a number  of  factors  that  are  assumed  to  be  negligible  in  this  model:  (1) 
Reflection  and  refraction  of  electrons  and  X-rays,  (2)  electron  diffraction.  (3)  elastic 
scattering  of  electrons.  (4)  asymmetric  emission  of  electrons  from  sublevels.  (5)  surface 
roughness,  and  (6)  X = 2.5  nm  for  As  and  Ga  3d  electrons  based  on  recent  calculations  by 
Tanuma  et  aL  (89). 
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